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Abstract: Värmland  in south central Sweden lies across the established zone of aquatic-terrestrial transition  of the 
Scandinavian Ice Sheet margin during its rapid final retreat following the Younger Dryas. Recently acquired 
LiDAR data across Värmland allows more highly detailed observation and analysis of glacial landforms formed 
during this stage than has previously been possible. This study synthesises geomorphological mapping of highly 
detailed digital elevation models (DEM’s) and field observations across the region around Torsby in northern 
Värmland to reconstruct the dynamics of the ice sheet as it retreated. A range of landforms derived from deglacial 
processes are identified and clearly reflect the change from an aquatic to terrestrially based ice margin. Ice marginal 
deltas suggest a slowing of retreat at the exact point of aquatic-terrestrial transition. Increased topographic control 
on ice-sheet flow and pattern of drainage and ice sheet decay is indicated by distribution of  streamlined terrain, 
eskers, outwash material and kettle holes. Hummocky terrain and dead-ice features across low ground and incised 
valleys suggest persisitance of ice in topogrpahic lows beyond retreat of the main ice front. Combined analysis of 
identified landforms allows a model for pattern of retreat to be produced that traces the retreating ice sheet margin 
in far greater detail than has previously been possible in this area.  
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Sammanfattning: Tvärs igenom Värmland i södra-mellersta Sverige sträcker sig den zon där den skandinaviska 
inlandsisen under sin snabba, slutliga avsmältning efter Yngre Dryas övergick från att mynna i havet till att mynna 
på land. Nya LiDAR data över Värmland tillåter mycket mer detaljerade observationer och analyser av glaciala 
landformer bildade i det här skedet än vad som tidigare varit möjligt. Den här undersökningen omfattar geomorfol-
ogisk kartering genom detaljerade digitala höjdmodeller (s.k. DEM) och fältobservationer i området kring Torsby i 
norra Värmland och har som mål att rekonstruera inlandsisens dynamik när den drog sig tillbaka över området. Ett 
flertal landformer bildade genom glaciala processer har identifierats och de avspeglar tydligt förändringen från en 
akvatiskt till en terrestriskt baserad isrand. Isranddeltan tyder på en avtagande reträtthastighet precis vid övergången 
från akvatisk till terrester miljö. Ökad topografisk kontroll av inlandsisens rörelse, dräneringsmönster och avsmält-
ning visas av fördelningen av strömlinjeformad terräng, rullstensåsar, isälvsmaterial och dödishålor. Dödislandskap, 
t.ex. kames, i topografiska lågområden pekar tillsammans med isälvsrännor på att is låg kvar i låglänta områden
efter att huvudisen dragit bort. Genom analys av de identifierade landformerna kan en modell som visar hur is-
randen har dragit sig tillbaka skapas och det i mycket högre detalj än vad som tidigare varit möjligt.
91 Introduction 
1.1 Dynamics 
The variations in ice flow rate, ice sheet morphology, 
hydrology, basal conditions, advance and retreat, and 
reaction to topography along an ice margin can be re-
ferred to as the dynamics of the margin. Historically 
the study of ice sheet dynamics has been based upon 
observations of extant ice sheets and glaciated areas 
and also upon studies of landforms and glacial depos-
its in previously glaciated regions such as northern 
Europe and North America. In both cases reliable, 
consistent observations stretch back ~200 years and 
have relied on physical investigation and geological 
mapping of features often complemented by study of 
aerial photography in later years. In many regions the 
glacial landforms that are key to determining past ice 
sheet behaviour are often masked or obscured by for-
est, later quaternary deposits and by anthropological 
activities and features.  
The study of ice dynamics is of increasing im-
portance given the growing instability and retreat of 
the Greenland and Antarctic ice sheets in response to 
global warming. The effort to limit the retreat of these 
ice sheets is a core pillar of the argument for mitiga-
tion of anthropogenic influence on the earth’s climate. 
How these ice-sheets respond to increasing atmospher-
ic and ocean temperatures and varying weather pat-
terns is presently a source of much uncertainty 
(Vaughan & Arthern 2007). 
The dynamics of ice sheets over centennial to 
millennial scales are reasonably well established but 
the annual to decadal pattern of ice movement is less 
well understood. Monitoring of present day ice-sheets 
shows annual variation and changes more rapid than 
previously thought possible (Truffer & Fahnestock 
2007). There is a need to understand ice sheet margin 
dynamics on human scales from annual up to centenni-
al. Ice-sheet modelling is the best chance to analyse 
dynamics on this scale but this relies on input of relia-
ble data both from present day observations across 
Greenland and Antarctica and from patterns of ice 
sheet retreat determined from the geological record. 
The linking of current ice-sheet dynamics and annual 
to decadal observations to the larger scale pattern of 
retreat during the termination of the last glaciation is 
thus a key area of research. Attaining a more detailed 
model of retreat of extinct ice-sheets will allow better 
calibration of ice-sheet models focussed on Greenland 
and Antarctica. As with all geology the past is the key 
to understanding the present. Recent advances in re-
mote sensing, dating and mapping techniques are 
providing the basis for more detailed and faster recon-
struction of previous ice sheet retreats. The dynamics 
of these deglaciations can be defined at a much greater 
resolution than previously possible. 
This study aims to demonstrate the ability to 
use detailed remote sensing data, complemented by 
field investigation and dating techniques, to recon-
struct ice margin movements over a short <200 year 
timescale. The particular focus is the review of geo-
morphology and distribution of glacial features in an 
area in which an ice margin experienced a change 
from aquatic to terrestrial conditions during retreat. 
Advances in remote sensing and observations 
within the last 20 years has produced a powerful new 
set of resources for the study of previously glaciated 
areas. Of particular importance is the advent of Light 
Detection and Ranging (LiDAR) surveying (Dowling 
et al. 2013). This technique allows detailed profiling 
of the land surface by, in essence, transmitting a 
‘pulse’ of light towards the earth’s surface and meas-
uring the time it takes for the ‘echo’ to return to the 
transmitting platform (Rees & Rees 2013). Through 
use of LiDAR surveying and application of filtering or 
classification models to the point cloud (Evans et al. 
2009) high resolution detailed land surface maps 
known as Digital Elevation Models (DEM) may be 
produced. These maps are now key resources for the 
study of glacial features and geomorphology and have 
seen increasing use in recent years. 
Refinement of dating techniques has also ena-
bled a more detailed chronology to be applied to gla-
cial events, notably through the expanded use of lumi-
nescence and cosmogenic radioisotope dating (Duller 
2004; Balco 2011; Alexanderson & Murray 2012).  
1.2 Scandinavian Ice Sheet Deglaciation 
The areas that once lay beneath the Scandinavian Ice 
Sheet (SIS) have been subject to particularly detailed 
study for the past century and have yielded much of 
the core knowledge that comprises current understand-
ing of ice sheet dynamics. However, the area that the 
SIS once covered is vast and much of the terrain is still 
remote and difficult to access and study. The SIS at its 
greatest extent was multi-domed and had many major 
ice-streams flowing through it (Boulton et al. 2001). 
At the last glacial maximum (LGM) the ice-margin 
covered all of Scandinavia reaching into northern Ger-
many in the south, the North Sea in the west and west-
ern Russia in the east (Stroeven et al. 2015). Not all 
areas of the ice-sheet reached their maximum extent at 
the same time and retreat was equally diachronous 
(Böse et al. 2012).  At 20-19 ka the SIS began to re-
treat as did other ice sheets across the northern hemi-
sphere as the earth warmed (Clark et al. 2009). By 
12.7 ka the margin had retreated to Lake Vänern in 
Sweden and ran along the coast of Norway, across the 
western Kola peninsula in Russia, over the majority of 
Finland and the Gulf of Bothnia (Stroeven et al. 2015). 
The Younger Dryas interval (12.7-11.6 ka) saw a re-
advance of the ice margin to the Swedish Middle End 
Moraine Zone south of Lake Vanern (Fig. 1) 
(Lundqvist 1995). This advance is also marked by the 
Salpausselkä moraines in Finland (Saarnisto & Saari-
nen 2001) and the Ra moraines in Norway along the 
Oslo fjord (Andersen et al. 1995a; Johansson et al. 
2011). This advance lasted until ~11.7 ka after which 
the margin began to rapidly retreat. Previous studies 
(Boulton et al. 2001; Saarnisto & Saarinen 2001; 
Stroeven et al. 2015) have indicated retreat rates of 
100 m to >250 m per year along the various sections of 
the margin. The margin around Southern Norway and 
Western Sweden, where this study is focussed retreat-
ed increasingly rapidly following the end of the 
Younger Dryas, though with periods of standstill rec-
ognised by the deposition of end moraines and margin-
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al deltas (Solheim 1983; Lundqvist 1995). Outlet of 
ice via the Norwegian Channel Ice Stream through the 
Oslo fjord alongside initial aquatic termination of the 
margin allowed rapid drainage in this area. The rapid 
loss of ice led to thinning of the sheet and increasing 
topographical influence on flow patterns. Within just 
over 2000 years the entire SIS had disappeared alto-
gether. This study is focussed on this period of final 
retreat, how it is reflected in the geomorphological and 
geological record and to what resolution the timescale 
and movement of the ice sheet can be determined in 
the study area.  
1.3 Study Area 
The advent of the Swedish National height model 
(www.lantmateriet.se) has revealed the glacial land-
scape of the country in detail never seen before. It is 
now possible to define a greater range and higher con-
centration of relict glacial landforms. This allows de-
tailed investigation of the dynamics of the retreating 
SIS.  
The study area lies in the county of Värmland 
in central Sweden around the town of Torsby (Fig. 1). 
A thorough initial study and mapping of Värmland 
was carried out by Lundqvist (1958). This area lies in 
the transitional zone between aquatic and terrestrial ice 
marginal conditions for the SIS. It is 50 km wide by 50 
km long, though tapers to 38.5 km in width in the far 
north due to a data gap over the border with Norway to 
the west. Diverse topography surrounds the area with 
the highlands and mountains of Sweden and Norway 
to the north and west and the low plains of central 
Sweden to the south and east. Previous studies in 
Värmland have established a pattern of retreat to the 
areas south and east of the study area though these pre-
date the advent of the National Height Model. The 
work of Lundqvist (1988, 1992, 2003) has traced the 
retreat from southern Värmland past Lake Vänern and 
along the Klarälven valley system east of the study 
area. The region immediately surrounding Torsby has 
been less well studied. Quaternary mapping has been 
carried out by the Geological Survey of Sweden 
(Lundqvist 1958) and recent studies (Zillén et al. 
2002; Stanton et al. 2010) have investigated lakes in 
the south-east of the study area.  
Exposed bedrock is common throughout the 
study area. Cover till, glaciofluvial, fluvial and aquatic 
deposits of varying size overlie a bedrock of granites 
and gneiss with localised occurrences of dolerite, rhy-
olite and dacites. A large fault zone runs through the 
west of Värmland and the study area, trending NW-SE 
to NNE-SSW. Most major valleys follow this trend. 
Two large rivers the Rottnen and the Röjden flow from 
Fig. 1. (A) Overview of study area and location within Sweden along the Norwegian border. Note prominent rivers and NW-SE 
trend of valleys. (B) Margin of the SIS at the end of the Younger Dryas. Hillshade generated from LiDAR scan data provided 
by Lantmäteriet, Sweden © Lantmäteriet, i2012/927  
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NW to SE across the area (Fig. 1). The Rottnen flows 
through an incised valley in the NW before flowing 
south to into Mellan Fryken lake. The Röjden flows 
southwards before flowing into Övre Fryken to the 
south of Torsby.  
2. Methods
2.1  LiDAR Data Analysis 
LiDAR scans covering the study area were obtained 
from the Swedish national mapping agency 
Lantmäteriet (www.lantmateriet.se). These scans form 
part of the National Height Model (Nationell Höjd-
modell) for Sweden, which has an average vertical 
accuracy of 0.1 m and pixel resolution of 2 m allowing 
detailed study of the landscape. Scans are pre-
processed to present a “true’’ ground level without 
urban areas, wood cover and anomalous recordings.  
ArcGIS10.3TM was used to generate two main 
sets of hillshade models; one with an illumination azi-
muth at 135o and the other 225o, running parallel and 
normal to the general lineament trend as described in 
the methods of Smith and Clark (2005) . Both models 
had an illumination angle of 40o and vertical exaggera-
tion of 5. Individual hillshades of varying illumination 
were generated where required to better define features 
identified from the 135o and 225o models. The DEM’s 
were also reclassified and overlaid on to hillshade lay-
ers within ArcMap™ to plot the marine limit for 190 
m within the study area. The SWEREF99_TM projec-
tion was used for all mapping analysis within ArcGIS.   
Hillshade models were used for both initial 
landscape analysis of the area and subsequent review 
following field investigations. Geomorphological fea-
tures were identified and marked using points, pol-
ylines or polygons. Mapping and interpretations were 
carried out by one person thus limiting user bias. 
2.2  Feature Classification 
These geomorphological features were assigned to five 
principal groups being 1. Moraines, 2. Streamlined 
Terrain, 3. Eskers, 4.  Dead Ice and glacial melt fea-
tures and 5. Dunes and post glacial features. The five 
categories were chosen due to their unique landform 
features and associations, formation processes and 
specific use in determining past ice margin position, 
ice flow direction, ice-bed processes and deglaciation 
pattern. Detailed categorisation is set out below.  
2.2.1. Moraines 
Moraines provide a definite position of the ice margin 
and are often prominent features in the landscape. Due 
to the nature of glacial erosion the moraines present in 
a previously glaciated area generally represent maxi-
mum extent and pattern of retreat from the last glacia-
tion. These features are thus key for glaciological in-
vestigation (Bennett 2001) and reconstructing the posi-
ton of the ice-margin during retreat. There are several 
types of moraine with each representing a distinct for-
mational process. Benn and Evans (2004) provide a 
thorough description of the varying types. This study 
particularly focusses on end moraine types that appear 
as prominent ridges and features within the landscape 
and are readily identifiable within hillshade models.  
De Geer moraines have been studied in detail 
via the National Height Model by Bouvier et al. 
(2015); (SGU 2016) and occur throughout the south of 
the study area. Mapping of southern Värmland by 
Lundqvist (1992)  identified several moraines in areas 
neighbouring the study area. These features were treat-
ed as established ice-marginal ‘anchor points’ in this 
study from which the more detailed focus of this in-
vestigation could be launched. In the case of De Geer 
moraines these were mapped as part of the hillshade 
analysis and then compared to the study by Bouvier et 
al. (2015). Moraines or moraine like features identified 
by this LiDAR study were included in this group.  
2.2.2. Streamlined Terrain 
Streamlined features are a distinct set of subglacial 
landforms used for determining ice sheet and ice bed 
dynamics (McClenaghan 2001; Benn & Evans 2004). 
They are representative of both erosional and deposi-
tional processes at the ice-bed interface and indicate 
ice-flow direction (Dowling et al 2016). Landforms 
occur in areas ranging from 10’s to 1000’s of metres in 
length and breath. LiDAR data is particularly adept at 
showing these areas (Möller & Dowling 2015) and 
allows for identification of intermediate to large scale 
individual features. Streamlined features were identi-
fied according to the classifications of Benn and Evans 
(2004) and Sugden and John (1976). 
2.2.3. Eskers 
Eskers are key identifiers of previous ice sheet pres-
ence and orientation during retreat. They often occur 
alongside distinct marginal and deglaciation features 
including hummocks, drainage channels and deltas. 
Eskers were identified according to widely accepted 
characteristics of sinuous or broken ridges standing 
above or distinct within surrounding terrain. Recent 
similar LiDAR based studies (Peterson & Smith 2013; 
Johnson et al. 2015) were referred to for comparison 
of identified eskers and to aid initial classification of 
esker type prior to field investigations.  
2.2.4. Dead-ice and glacial melt features 
Three sub-categories were used for this group of fea-
tures. All are key for tracing a retreating and decaying 
ice margin.  
2.2.4.1 Hummocky Terrain 
Hummocky terrain represents areas of sediment depos-
ited from stagnating ice. Varying patterns of terrain 
exist and styles of deposition are best summarised by 
Benn and Evans (2004). The depositional process most 
commonly associated with hummocky terrain for-
mation is of the irregular deposition of supraglacial 
material during the down-wasting of stagnant ice.  
Areas of hummocky terrain were identified by 
typical morphology of conical, linear and irregular 
shaped mounds readily identifiable within the hill-
shade models. Hummocks are largely composed of 
diamict material though this cannot be revealed via 
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LiDAR data. These characteristics were taken into 
account during field investigations. Reference was 
made to the study of Möller and Dowling (2015) that 
presented an area of hummocky terrain in Sweden 
studied via the same LiDAR dataset and thus provided 
at least a basic analogue for initial landform analysis 
and classification.   
2.2.4.2 Outwash Plains and Pitted Outwash 
During deglaciation large volumes of meltwater flow 
from the ice margin. Within this meltwater is trans-
ported large volumes of sediment of predominantly 
sand and gravel size that can be classed as ‘outwash 
material’. The entrained sediment is deposited in front 
of the retreating ice margin either in valleys and basins 
or across wide plains. Material can also be deposited 
across delta topsets in shallow water. Wide, flat areas 
of outwash material deposition are referred to as out-
wash plains. Often this outwash material is deposited 
around blocks of dead ice that have been left behind 
by the decaying ice sheet. These ice blocks can be-
come entirely buried by sediment. As the dead ice 
blocks melt they remove the support for overlying 
sediment which then falls or flows into the depressions 
or ‘pit’ left by the melting ice. This results in the for-
mation of pitted outwash with holes of varying scale 
distributed across an outwash plain.  
Outwash plains were identified in the hillshade 
models via their  ‘smooth’ surface texture relative to 
neighbouring bedrock and position within natural 
drainage points such as valleys and plains. Pitted out-
wash was identified by the presence of pits or kettle 
holes within the outwash plain surface.  
2.2.4.3 Drainage Channels 
Channels are indicative of meltwater outflow from 
beneath and around ice margins and as such are com-
mon features within a deglaciated landscape. They 
may take the form of incisions into bedrock, shallow 
surficial channels or erosional features within underly-
ing tills and sediments.  
Determining origin and relative age of drainage 
channels is difficult due to post-glacial processes. For 
this reason only channels that could be confidently 
linked to glacial processes due to positioning in land-
scape and/or relationship to other glacial features were 
highlighted.  
2.2.5 Dunes and post glacial features 
This group includes features such as dunes and raised 
beaches that though not directly related to active gla-
cial processes have a link to subsequent processes that 
occur following deglaciation. Dunes often form within 
glacial deposits shortly after deglaciation e.g. at 
Brattforsheden proximal to the study area 
(Alexanderson & Fabel 2015) and are thus evidence of 
landscape evolution and adaption immediately follow-
ing ice retreat.  
Features were identified according to estab-
lished morphologies and with reference to the sum-
mary of glacial features identified from the National 
Height Model data set by Peterson and Smith (2013), 
in particular dune and highest coastline HCL appear-
ance within hillshade models.  
General analysis of HCL position within the 
study area was also carried out via DEM reclassifica-
tion in ArcGIS. A baseline HCL of 190m was mod-
elled according to the established HCL elevation in the 
region (Zillén et al. 2003). Further analysis and model-
ling was carried out upon completion of fieldwork. 
Elevation data was compared directly with the DEM’s 
to check accuracy and agreement between the two data 
sets.  
2.3 Quaternary Mapping Analysis 
Quaternary deposit maps up to a scale of 1:25000 were 
obtained from the Geological Survey of Sweden (SGU 
2016) for the study area. Specific maps for the study 
area were generated from the SGU website 
(http://www.sgu.se/produkter/kartor/kartgeneratorn/). 
Following initial evaluation of field sites, ArcGIS lay-
ers of the quaternary deposit data were obtained from 
the SGU Jordarter database (https://maps.slu.se/). 
These maps predate the National Height Model and as 
such have varying levels of detail. Maps from the area 
are based on air photo interpretation and field observa-
tions along the road network. As such there are large 
areas with limited or no previous field observations. 
Nonetheless the Jordarter database provides a valuable 
overview of quaternary deposit distribution and aids in 
identification of key glacial and geomorphological 
features.  
Following initial geomorphological analysis of 
the LiDAR data using DEM’s, quaternary map layers 
were overlaid and compared to the features that had 
been identified. Correlating glacial features were 
marked and clear quaternary deposit boundaries added 
to the LiDAR based map. Features that were present 
only on the quaternary deposit map were compared 
alongside the relevant DEM and added to the working 
layer where correlating evidence could be identified.  
2.4 Field Mapping 
Field work was carried out by the author in September 
2016. Features identified through LiDAR and quater-
nary map data were ranked in order of priority for 
mapping and investigation. Accessibility was also tak-
en into account to allow for most efficient use of time. 
The key field observations and data to be recorded for 
each feature and area were morphology of targeted 
feature and surrounding terrain, sedimentary composi-
tion of feature with detailed descriptions where possi-
ble/applicable, sedimentary structural features, bed-
rock prominence and structure, vegetation cover and 
type where applicable. Field positions and elevation 
were recorded using a Garmin Map62S handheld GPS 
unit with accuracy of ±3 m. Sedimentary logs were 
constructed from delta and esker sections when acces-
sible. Some sites were found to be inaccessible due to 
poor or no road access. Overview photos were taken of 
all sites visited and detailed photos taken where neces-
sary.  
2.5 Optically Stimulated Luminescence 
(OSL) analyses 
Two samples were taken for OSL dating from bands in 
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a sand rich esker feature (Fig. 7). Samples were col-
lected using a plastic tube wrapped in opaque plastic 
tape. These were then wrapped in plastic sheet and 
opaque tape and remained sealed until opened under 
darkroom conditions. The aim of sampling was to de-
termine whether the feature formed under aerial or 
sub-glacial conditions As such a full OSL dating anal-
ysis was not required and instead the rangefinder da-
ting method of Roberts et al. (2009) was used. Sam-
ples were a mix of quartz, feldspar and other minerals. 
Analysis was carried out at Lund University. In line 
with the Roberts et al. (2009) protocol only untreated 
material was analysed. Three 8 mm aliquots per sam-
ple were measured with a shortened Single Aliquot 
Regeneration (SAR) protocol (Murray & Wintle 2000, 
2003) with post-IR-blue stimulation (Banerjee et al. 
2001), three regenerative doses but recuperation and 
no recycling.  
3. Results
Combined LiDAR data analysis and field investiga-
tions within the study area reveals a number of glacial 
features with a clear variation in distribution around 
the highest coast line (HCL) and within regional struc-
tural features. Twenty-one field sites have been inves-
tigated and revealed important sedimentological, struc-
tural and geomorphological characteristics key to re-
constructing the pattern of deglaciation in the study 
area  An overview of identified features is given in 
Fig. 2 and particular zones of interest that are dis-
cussed later in this section are outlined with associated 
figures shown.   
3.1 Highest Coastline 
The highest coastline for the study area is generally 
accepted to lie at ~190 m.a.s.l (Zillén et al. 2003). Fig 
3 shows the marine limit for this elevation. The south 
of the study area lies close to or below the HCL apart 
from a central area of high ground. The central and 
north-western zone is predominantly above. In the 
north the low ground between the Rottnen and Kläral-
vern rivers lies below the highest coastline. Distinct 
beach ridges are visible in the hillshade models along 
the eastern extent of the study area (Fig. 3b, 3c). These 
ridges are difficult to observe in the field.  
Fig. 2. Overview of study area and field site investigation. Black outlines indicate areas shown in detail by following result 
figures. Hillshade generated from LiDAR scan data provided by Lantmäteriet, Sweden © Lantmäteriet, i2012/927. 
14 
3.2 Moraines 
3.2.1 De Geer Moraines 
De Geer moraines are distributed across the southern 
half of the study area. These all lie below the HCL 
(Fig. 3) and clearly follow the formerly aquatic areas. 
They are clearly identifiable within the hillshade mod-
els (Fig. 4) as was also determined by Bouvier et al. 
(2015). The moraines are predominantly concentrated 
along narrow valleys in the south of the study area. 
Moraine ridges are on average 10-15 m wide and 
range from 20 m in length to over 3 km. Ridges show 
a NE-SW trend along western valley sides and NW-SE 
along eastern valley sides. Spacing between ridges is 
roughly 120-250 m and the path of retreat can be de-
termined over several kilometres (Fig. 4). The orienta-
tion of the ridges indicate formation of pronounced 
calving bays in a generally ENE-WSW trending ice 
margin. Moraine ridges become increasingly concen-
trated in valleys towards the north with lateral exten-
sions into neighbouring high ground absent. The suc-
cession of De-Geer moraines ceases ~4 km south of 
Torsby. It is noticeable that the wide area below the 
HCL in the north east is lacking in De Geer moraines 
compared to other areas below the HCL. Moraines 
may have formed in this area but have been subse-
quently buried beneath marine silt and sand or did not 
form at all. De Geer moraines are much more difficult 
to positively identify in the field though. Investigations 
of a number of sites including that shown in Fig. 4B 
reveals a slightly undulating terrain with isolated 30 
cm-60 cm boulders on small mounds. Despite this the
clear definition of features shown within the hillshade
models and their wide distribution in previously sub-
aquatic marginal areas allows a high level of confi-
dence in their positive identification as De Geer type
moraines.
3.2.2 Push Moraines 
A series of small push type end moraines are present 
below the HCL in the north of the study area (Fig. 5B, 
5C). These small 14-35 m wide ridges run parallel to 
sub-parallel to presumed ice margin for up to 500 m. 
No field investigation of these features was able to be 
carried out so a definitive identification is unable to be 
given. The orientation of the ridges does though sug-
Fig .3. (A) Study area with extent of 190 m highest coastline. De Geer moraines all fall below the highest coastline. (B & C) 
Former shorelines are visible as distinct ridges within hillshade models.  Hillshade generated from LiDAR scan data provided 
by Lantmäteriet, Sweden © Lantmäteriet, i2012/927. 
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gest formation either at the edge of an ice lobe or val-
ley glacier or within crevasses on a stagnating margin.  
No other major terminal or lateral moraines 
were identified in the study area other than the De 
Geer moraine sequence below the HCL.   
3.3 Streamlined Terrain 
Streamlined features are present across the study area. 
Features take the form of rock-cored drumlins, fluting 
and scoured terrain amongst general streamlining 
within cover till. Features fall in similar classes to 
those observed by Möller & Dowling (2015) but aerial 
distribution in the landscape differs. Smoother surface 
texture in streamlined areas suggests a greater sedi-
ment and till thickness than neighbouring areas.  The 
long axis of features trends NNE-SSW in the south but 
moves to a straight N-S orientation towards the north 
of the study area (Fig. 6). A majority of identified fea-
tures exist well above the HCL and often on elevated 
ground of 250+ m.a.s.l. This suggests better preserva-
tion in elevated areas indicating a lack of dead ice re-
maining during deglaciation and no ongoing sedimen-
tation that could distort or cover these features. The 
active ice margin likely retreated steadily over these 
areas and they were then isolated from later deglacial 
processes that obscured streamlined forms at lower 
elevations.  Possibly cold-based ice covered some are-
as of higher ground during late glaciation as the ice 
sheet thinned and pressure at the base of the ice sheet 
decreased also acting to preserve streamlined bed-
forms. 
3.4 Eskers 
North of Torsby are found a number of prominent long 
flat-crested ridges many kilometres in length along the 
bottoms of NW-SE trending valleys (Fig. 2, Fig. 4). 
These features are surrounded in large areas by out-
wash material. The valleys in which they lie trace the 
profile of the major NW-SE trending structural linea-
tions in the region. The features are interpreted as tun-
nel-fill eskers deposited in sub aquatically terminating 
R-channels as described by Brennand (2000).
Smaller 100 m—200 m long features are found 
across flat areas generally above the HCL with orien-
tation ranging between N-S and WSW-ENE. These 
features are both flat-crested and sharp-crested with 
Fig. 4.  (A) Wide distribution of De Geer moraines across southern half of study area. (B) Note increased concentration in val-
leys towards the north. (B & C) Moraine orientation  with sets of NE-SW and NW-SE trending ridges indicates the presence of 
calving bays within the ice front.  Hillshade generated from LiDAR scan data provided by Lantmäteriet, Sweden © 
Lantmäteriet, i2012/927.  
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variation between boulder and gravel rich composi-
tion. The smaller features likely also represent tunnel-
fill eskers in areas of lateral drainage towards the main 
valley or local bedrock depressions.  Presence of cob-
bles and boulders within the main esker body indicates 
high energy environment of deposition. Boulders of 50 
cm to 150 cm in size  lying on the surface represent 
material deposited during down-wasting of overlying 
ice in areas above the HCL and dropout from drifting 
icebergs below the HCL. A general WSW-ENE 
boundary between De Geer moraine and esker rich 
areas can be observed in Fig. 2 and Fig. 4. This indi-
cates a change of drainage pattern and basal hydrology 
with shallowing water depth and transition to terrestri-
al conditions and also better surface preservation fol-
lowing deglaciation above the HCL.  
Three sinuous, sharp crested features that run 
perpendicular to major eskers are present to the east of 
the Rottnen River in low ground. These features lie 
oblique to parallel to the assumed ENE-WSW trending 
ice margin. They are unique within the study area and 
stand proud from surrounding hummocky terrain and 
range from ~650 m to 1.8 km in length.  Field investi-
gations revealed a distinct composition set out below. 
Section locations are shown in Fig. 7.  
A fourth sharp crested ridge is present further 
north along the valley (Fig. 8). This ridge also tracks 
NE-SW but lacks the sinuous profile of the three fur-
ther south and is located up against the valley side next 
to an area of outcropping bedrock. Field investigation 
found this feature to be 40 m above the valley floor 
and deposited within a stepped bedrock terrain. A 
70cm hole excavated on the top of the feature revealed 
a fine, well sorted brown sand overlying a gravelly 
sand layer A thorough investigation of internal compo-
sition and morphology could not be done due to time 
constraints. The eastern side of the feature is very 
steep and drops away sharply into the valley below. It 
is likely the stepped structure of underlying bedrock 
anchors the material in hollows between bedrock 
steps. Material that does not sit above the bedrock falls 
away into the valley. This feature is likely an esker 
that formed along the valley side with meltwater chan-
nelled along the bedrock surface onto which material 
was deposited.  
3.4.1 Section S01 
This section is from one of the sharp crested features 
in the northern part of the study area (Fig. 7B.). The 
Fig. 5 . Push moraine ridges in low ground in  north of study area. Ridges in (B) formed below 50 m to 100 m water depth. 
Ridges in  (C) formed below 10 m to 30 m water depth and at the HCL. Hillshade generated from LiDAR scan data provided by 
Lantmäteriet, Sweden © Lantmäteriet, i2012/927. 
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corresponding log is shown in Fig. 9. 
3.4.1.1 Section Description 
Bed 1: This grey-brown sandy diamict forms the base 
of the excavated section. The bed has a fine sand ma-
trix with sub-angular to rounded gravel clasts of 1-5 
cm evenly distributed throughout.  
Bed 2: Clast supported sandy gravel. The basal contact 
is gradational to sharp. Sub-angular, 8-10 mm clasts of 
crystalline rock comprise >85% of material with a 
coarse quartz sand matrix between. The bed is red-
orange in colour.  
Bed 3: Fine-medium grained well-sorted red sand. The 
basal contact is gradational.  
3.4.1.2 Interpretation 
The beds lack any internal structure and show varying 
amounts of sorting. The situation on the side of an 
esker suggests deposition at the same time or as a final 
stage of melting of surrounding ice. The material like-
ly is derived from gravity flows and fluvial processes 
during the late stage melting of supporting ice. These 
flows acted to drape the esker in less sorted material. 
The sediments in the beds 1 and 2 were deposited in an 
environment in which finer material could be win-
nowed out likely through steady flow of meltwater, 
though not at high energy. The sand in bed 3 at the top 
of the section may be deposited in a final waning flow 
along the esker channel or may be a later cover of sand 
deposited during final deglaciation and ice melting.  
3.4.2 Sections S02 and S03 
Sections S02 and S03 are from another of the sharp 
crested features in the northern part of the study area 
(Fig. 7C). These sections represent two sides of the 
same feature so interpretations are combined. The cor-
responding logs are shown in Fig. 10. 
3.4.2.1 S02 Section Description 
Bed 1: Massive fine to medium grained sand. 1 cm 
thick horizons of dark silt rich material are found at 60 
cm and 69 cm height and show gradational contacts 
with surrounding massive sand. Isolated, 1-4 mm 
rounded crystalline rock fragments are present 
throughout the bed.  
Bed 2: Massive, normally graded orange-yellow col-
oured gravelly sand. Sharp basal contact with Bed 1. 
Flat, angular 1-3 cm clasts of friable rock are support-
ed in a medium to fine grained sandy matrix. 
Fig. 6. (A) Streamlined terrain within study area. Prominent features including rock cored drumlins present over elevated ground 
but not visible in lower areas. Note shift from NNE-SSW to N-S orientation towards north of study area between (C) and (B). 
Hillshade generated from LiDAR scan data provided by Lantmäteriet, Sweden © Lantmäteriet, i2012/927.  
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Bed 3: Massive, rounded, crystalline, 1-4 cm gravel 
clasts are evenly distributed throughout a medium to 
coarse sand. The crystalline material is very red, possi-
bly garnetiferous. Rare, 1-3 cm very rounded mafic 
clasts are present. Base of bed shows sharp contact. 
Orange-yellow sands dominate at the lower half of the 
bed with grey sands comprising >50% of material to-
wards the top. 
3.4.2.2 S03 Section Description 
Bed coset 1: Light brown, fine to medium grained 
sands. Isolated 2-6 mm dark brown bands. Layer 
shows planar cross lamination but structure is less well 
defined in comparison to overlying beds. Trough cross 
bedding present in centre of bed indicating a flow to-
wards the west. 
Bed coset 2: Medium to fine brown sands. Gradational 
basal contact with bed 1. Cross bedding prevalent 
throughout bed. Orientation of  beds indicates a ENE-
to-WSW flow direction. Bedding sets have dark brown 
top bands with 1-2 mm rounded clasts on the bed toes. 
Beds are stacked one on another in a series of wedges 
and are increasingly steep towards the base of the bed. 
Deformation structures are present along the upper 
contact with 5-10 cm wide faulted blocks present. 
Bed coset 3: Medium to coarse sand. Sharp faulted 
basal contact with bed 2. Fault blocks are 5-10 cm 
wide. The bed shows wedge shaped cross bedding 
throughout, dipping towards the NE.  
Bed 4: 0.5 cm-3 cm sub rounded crystalline clasts with 
medium to coarse grained infilling sand. Inversely 
graded. Bed has sharp basal boundary with bed 3. 
Gravel clasts are dominantly comprised of garnet-
gneiss. 
Bed 5: red-orange fine to medium grained sand. Bed is 
massive and shows irregular basal boundary with bed 
4.  
Bed 6: Grey medium grained sand. Bed is massive and 
shows sharp basal boundary with bed 5. Organic and 
re-worked material overlies this bed.  
3.4.2.3 OSL Analyses 
Two samples OS01 and OS02 were taken from section 
S03 for OSL analysis. These are indicated in Fig. 10B. 
OS01 was taken from cross-bedded, well sorted medi-
um to fine sand in the centre of the section. OS02 was 
Fig. 7. (A) Prominent esker features. Ridges run NE-SW sub-parallel to assumed ENE-WSW ice margin. (B & C) Distinct sinu-
ous sharp crested profile of eskers is clear with surrounding hummocky terrain and outwash material. Hillshade generated from 
LiDAR scan data provided by Lantmäteriet, Sweden © Lantmäteriet, i2012/927.  
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Fig. 9. Section through drape of melt out material overlying esker in Fig. 6B at site S01. 
Fig. 8. (A) Sharp crested transverse esker on western side valley with small outwash plain below. (B) Esker sits upon ‘stepped’ 
bedrock outcrop likely aiding its stability and preservation. Hillshade generated from LiDAR scan data provided by 
Lantmäteriet, Sweden © Lantmäteriet, i2012/927. 
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taken from a sandy gravel layer near the top of the 
section. Equivalent dose values returned were 272 ± 
45 Gy for OS01 and 269±26 Gy for OS02. These re-
sults can be compared to those of Alexanderson & 
Fabel (2015) at Brattforsheden. In their case equiva-
lent values were obtained from poorly bleached glacio-
fluvial deposits. This indicates that the features ana-
lysed here must have been deposited sub-glacially or 
in a sub-aquatic setting where a level of shielding pre-
vented ‘zeroing’ of electron traps in the test material.  
3.4.2.4 Interpretation Section S02 and S03 
Stacking of beds is evidence of an enclosed deposi-
tional area such as a crevasse or tunnel. The presence 
of normal and trough cross bedding illustrates that 
flow direction in the tunnel varied.  
The sediments were deposited in a sub-glacial 
conduit, likely an R-channel or deep crevasse from a 
generally low energy water current. The sequence is 
not of a typical esker indicating unique conditions pre-
vailing at the time of formation. Gravels at the top of 
the section represent an increase in energy and possi-
ble final infill of the tunnel. It is suggested the se-
quence represents one of two depositional set-
tings/systems. 1. a seasonal meltwater derived deposit 
with initial low energy conditions giving way to high 
energy as the melt season continues, represented by 
fine sand giving way to gravel. 2. a multi seasonal 
feature representing a period of standstill and steady 
decay within the ice, supplying a constant stream of 
meltwater before decay begins to speed up and higher 
energy conditions prevail. Small fault blocks illustrate 
a degree of syn-sedimentary slumping and instability 
but the feature shows good internal strength with no 
S03 
A 
Fig. 10. (A) S02 Section through northern side of esker in Fig. 6C (B) S03 Section through western side of esker in Fig. 6C. 
Yellow stars indicate position of OSL samples taken to aid determination of supra or subglacial deposition.  
S02 
B 
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large scale deformation. It is fair to assume that ice 
support was present for a significant period postdepo-
sitionally to prevent severe slumping. Within the con-
text of this study these three features are classed as 
‘transverse-eskers’ owing to their morphology and 
assumed position parallel to an ice front.  
3.5 Deltas 
Two ice-marginal deltas were identified within the 
hillshade models (Fig. 11A). The two deltas, one in the 
south-west and the other in the north of the Rottnen 
Valley, have a width of ~450 m and ~630 m respec-
tively. The delta in Fig. 11B was visited during field-
work. It lies ~10 km SW of Torsby around Lake 
Gäddtjärn (Fig. 11 and 12). An exposure that could be 
cleaned and logged was found in a disused quarry. The 
GPS derived elevation of the present quarry floor plac-
es it at 189 m.a.s.l (±3 m). The delta sequence rising 
from the quarry floor is ~10m  in height.  
3.5.1 S04 Section 
The upper part of the delta in Fig. 11B was cleaned 
and logged for c. 2 m (Fig. 13). 
3.5.1.1 Section Description 
All the beds in the section except bed 9 dip to the west. 
Bed 1: Massive bed of cobbles with a  gravel matrix. 
Gravel clasts 0.3-3 cm, cobbles 6-15 cm. Both cobbles 
and gravel are well rounded. Crystalline material dom-
inates.  
Bed 2: Massive sandy gravel. Gravel is sub-rounded 
with clasts of 0.3-3 cm. Sand is coarse-granular. Bed 
shows sharp basal contact with bed 1.  
Bed 3: Cross bedded fine to medium grained sands. 
Gradational bedding in cross bedded bands with finer 
sand present on toes of beds and at upper bed bounda-
ry. Bed shows sharp basal contact with bed 2.  
Bed coset 4: Medium to fine grained sequence of nor-
mally graded 4-10 cm thick beds. The bed has a sharp 
basal contact with bed 3.  
Bed coset 5: Cross-bedded medium and fine sands. 
Alternating of 10-15 cm wide medium grained beds 
with 5-10 cm thick normally graded medium to fine 
grained beds. The bed shows a sharp basal contact 
Fig. 11. (A) Overview of delta locations within the study area. (B) Delta outline on eastern side of Rottnen river valley at HCL 
(C) Delta location at HCL in the SW of study area. The two deltas are of similar size and represent a period of slowed ice mar-
gin retreat at the point of aquatic-terrestrial transition. Hillshade generated from LiDAR scan data provided by Lantmäteriet,
Sweden © Lantmäteriet, i2012/927.
22
Fig. 13. Section through uppermost 2 m delta shown in Fig. 10B at the HCL. At least 8 m of material underlies this section but 
could not be exposed and logged. All beds but upper cobble rich layer are dipping west following the slope of the valley side.   
B 
Fig .12. Enlargement of  the delta shown in Fig 11B. (A)  A faulted bedrock block to the north of the delta on  the eastern bank 
of  the Rottnen Valley. The fault is shown as a white dashed line  and clearly shows an offset between two ridges. (B) Drainage
channels indicating flow of water and transported sediment from the N and NE into area around the delta. Hillshade generated 
from LiDAR scan data provided by Lantmäteriet, Sweden © Lantmäteriet, i2012/927. 
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with bed coset 4. 
Bed 6: Cross bedded fine sands with dark brown silt 
along toes of beds. Sharp basal contact with bed 5.  
Bed 7: Cross bedded and rippled medium sand. Cross 
beds present at base and transform to ripples towards 
upper boundary. Beds at base of bed dip to the west at 
~20° before shallowing of angle towards the top of the 
bed as ripples appear.  
Bed 8: Massive matrix supported cobble gravel. Fine 
sandy matrix . Cobbles are sub rounded and 10-20 cm 
in diameter .The bed has a gradational contact with 
underlying bed 7.  
Bed 9: Massive clast supported cobble gravel with a 
medium sand matrix. Gravel clasts are rounded and 
0.5-2 cm. Cobbles 10-20 cm and rounded. Bed is flat 
lying.   
3.5.1.2 Interpretation 
The section is very short and possible interpretation 
and conclusions that can be drawn are thus limited. 
There is though evidence to suggest the environment 
in which individual beds were deposited.  
Cobble beds are often more commonly associ-
ated with bar aggradation in a stream or river. Howev-
er, the prominent dip on all but bed 9 suggests more 
likely deposition along a delta slope. The roundness of 
the cobbles in both bed 1 and bed 9 suggests the mate-
rial was entrained over a long period or may be re-
deposited material possibly from a basal till. The pres-
ence of the cobble rich bed 1 at the base of the se-
quence suggests an initially high energy environment. 
Flat lying bed 9 has a much larger size of material and 
the gradational basal contact with bed 8 suggesting an 
environment of increasing energy across the period of 
deposition.  
Bed 9 is interpreted as part of a topset succes-
sion formed in shallow water across previously depos-
ited foresets. Cobble rich layers are common for bars 
forming between channels and could be argued to indi-
cate deposition in a subaerial environment. There is 
evidence of channels on the surface of the deposit but 
much has been disturbed by quarrying activities.  
Gravels in a granular matrix, bed 2, that overly 
bed 1 show weakening flow conditions possibly sup-
porting a slumping of previously deposited coarser 
material and formation of a gravity flows.  
The gravity flow feature in bed 7 may represent 
cyclical foreset slumping of the type described by 
Benn & Evans (2004) and be indicative of initiation of 
turbidity flows down the delta front. The succession of 
fining upward beds and evidence of gravity flows is a 
common deltaic feature. The limited height of the ex-
posure precludes making a definitive interpretation, 
however, the most likely setting for deposition of beds 
3 to 7 is at an ice marginal delta.  
The section appears to show the very upper 
foresets and the topsets of an ice marginal Gilbert type 
delta that formed at the edge of still active ice typical 
of that described by Lønne (1995). The delta was de-
posited on a steep valley side so there would have 
been a sharp depth gradient towards the valley centre. 
The section is very short and beds are thin (12 cm-45 
cm) and thus may represent deposition over a short
period. The prominent westerly dip of the beds lends
to the identification as part of a delta. The top of the
exposure was recorded at 199 m.a.s.l (±3 m) and this
places it at or just above the HCL in the area.
3.6 Dead Ice and Glacial Melt 
      Features 
Prominent dead ice features are found within valleys 
and across lower elevations in the study area.  
3.6.1 Outwash Plain 
A large 1.5 km wide sedimentary deposit plain is pre-
sent in the Rottnen river valley (Fig. 14C) 3.8 km 
south along the valley from the delta in section 3.7 
(Fig. 11B). The valley widens at this point into what 
was once a large bay just below the HCL. The plain is 
marked by a series of terraces built high above the 
current river channel (Fig. 14C). The hillshade model 
reveals a series of braided paleo-streams on the surface 
(Fig. 14C). The size of this feature, its distinctive ter-
races and relict braided channels suggests a previous 
period of rapid deposition into the basin. Outwash 
material was channelled rapidly down the river valley 
until it entered deeper water and was deposited. This 
resulted in the building of a delta within the bay. An 
outwash plain eventually formed on the top of this 
delta and is the feature visible in the hillshade model. 
This bay eventually became isolated during isostatic 
rebound and formed a lake. Input of material reduced 
and the river incised into the outwash plain and delta 
beneath.   
3.6.2 Pitted Outwash 
This topography is present within the Rottnen River 
valley within the study area.  Kettle holes with widths 
of 30 m - 300 m+ are present in the area around the 
sand rich eskers shown in Fig. 7. Pitted outwash to-
pography is evident by the gently sloping plateau sur-
faces in the valley interspersed with holes where dead 
ice has since melted to leave a depression or small 
lakes (Benn & Evans 2004). Varying levels of terraces 
are present within the valley with kettle holes concen-
trated in upper terraces. The upper terraces represent 
the immediate post-glacial  surface across which dead-
ice was prevalent. Post glacial erosion into this surface 
and underlying outwash material has produced the 
sequence of terraces now observable and left the pitted 
surface isolated above the present river level. The ket-
tle holes present as clear depressions in the landscape, 
often forming isolated small ponds and lakes.  
3.6.3 Hummocky Terrain 
Hummocky areas are present in the northern section of 
the study area generally at wider, low elevations or 
flatter areas bounded by highland. Significant areas are 
shown in Fig. 2 and Fig. 14A. Conical mounds 10-50 
m in diameter are interspersed with elongate ridges 30-
150 m in length and stand 5-20 m proud of surround-
ing terrain. Distribution of mounds and ridges is irreg-
ular. Large zones of hummocky terrain are present in 
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wide areas both above and below the HCL in the north 
east of the study area indicating the presence of 
grounded ice that later decayed over a longer period 
and deposited supraglacial material. Water depth in 
these areas was from 100 m to 60 m so a large area of 
ice would have had to remain grounded after active 
margin retreat to prevent significant deposition of la-
custrine sediments. 
3.6.4 Drainage Channels 
A number of drainage channels are identified across 
the study area. Discerning an origin during deglacia-
tion or within later quaternary events directly from the 
hillshade model is not always possible and field 
checks on identified sites were limited due to other 
glacial features deemed more significant and worthy of 
investigation. The generally shallow till cover and 
concentration of sedimentary deposits within lower 
areas amongst bedrock outcrops also makes channels 
difficult to define Identified channels range in size 
from 30 m to 200 m+ in length and 10 to 30 m in 
width. The pattern of drainage suggested by the hill-
shade models is of flows from high elevations into 
valleys, where ice may have still been extant, lowland 
plains and lower lakes and depressions. In the case of 
drainage into valleys and lowland plains the water and 
suspended material flowed into areas of both active 
and dead ice both sub-glacially and supra-glacially. 
This is evident by the presence of eskers, kame and 
kettle terrain and hummocks.  
3.7 Dunes 
Two small dune sets were identified (Fig. 15). Both lie 
on top of sand rich outwash plains along the Rottnen 
river valley. The situation on the top of the plains sug-
gests late stage formation once the ice margin had re-
treated further north. Bedding features shown in Fig 16 
present a classic cross bedded dune form. The features 
identified in Fig. 15C may reflect the profile of under-
lying glacial features that anchored dune formation 
and have since been buried as they do not present a 
classic dune profile. Assuming that the dunes are 
transverse, they reflect a prevailing NW wind direc-
tion.  
4. Discussion
The combination of LiDAR derived DEM and hill-
shade model analysis alongside field investigation of 
Fig. 14. (A) Hummocky terrain and pitted outwash within and around Rottnen river valley. (B) Note largest area of hummocky 
terrain on lowland to east of valley. (C)  Large lake likely formed from kettle hole is present in NW of outwash plain. Hillshade 
generated from LiDAR scan data provided by Lantmäteriet, Sweden © Lantmäteriet, i2012/927. 
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the study area has revealed a clear range of both terres-
trial and aquatic glacial landforms. Features deposited 
within active and stagnant ice have been identified and 
linked to processes both sub-glacial and supra-glacial.  
The study area clearly lies across the zone 
across which the SIS margin retreated from the Yoldia 
Sea and became largely terrestrially based. This transi-
tion is reflected in the changing type of glacial land-
forms and deposits along a generally N-S line of gla-
cial retreat.  
The first part of this discussion focuses on the 
formation of the landforms identified within this study 
and what this indicates about the position and dynam-
ics of the ice sheet margin in the study area. The fea-
tures are discussed beginning with those below the 
HCL through those at the aquatic-terrestrial margin 
and finally those above the HCL, i.e. entirely terrestri-
al areas. The second part of discussion then presents 
an overall pattern of retreat for the study area linking 
the individual landform processes into a larger model.  
4.1 Landform formation 
4.1.1 De Geer Moraines 
The ice front ran NE-SW with ice flow following the 
local topography. The far south of the study area was 
at deglaciation beneath 10-120 m of water in the west 
and east with a central highland ridge separating the 
two aquatic areas (Figs. 3A, 17). Water was up to 80 
m-120 m deep across several kilometres of the ice
margin, within the valleys seen in the study area today.
The ice front in the west and east in these deep water
areas was likely steep and grounded allowing the dep-
osition of moraines. Calving bays formed and the ice
margin underwent a stepwise retreat as is indicated by
the regular pattern of distribution of the De Geer mo-
raines below the HCL (Fig 4). Evidence of calving bay
formation has been described across the SIS margin
(Gillberg 1961;  Strömberg 1981;  Strömberg 1989;
Lindén & Möller 2005;  Dowling et al. 2016) and
within Värmland (Lundqvist 1988). These bays act as
major drainage outlets and can have the effect of thin-
ning ice in surrounding areas and further back into the
ice sheet itself (Benn et al. 2007). The hillshade mod-
els show De Geer moraines as distinct linear features
all below the HCL (Fig. 4), however their prominence
in the field is negligible. The position below the HCL
in a deep water environment led to many of the mo-
raines becoming buried beneath silt, sand and outwash
material during and after deglaciation.
The formation of De Geer moraines in the study 
area was limited to the south east and south west 
where water depths were 80 m+ across several kilome-
tres of the ice margin. The area below the HCL in the 
north-east also had deep water areas of up to 90 m but 
these were not as laterally extensive along the ice front 
as the deep water to the south. Valley sides shallowed 
quickly and the ice margin was grounded in mostly 
very shallow water. The buoyancy of the ice in the 
shallow water was not enough to lift large blocks and 
form De Geer moraines as in the model by Lindén & 
Möller (2005). This change in the deglaciation dynam-
ics in this area, with the ice front sitting above a wide, 
shallow aquatic zone is similar to variations noted to 
the east of the study area by Lundqvist (2003).  The 
nature of ice-retreat and break-up changed with retreat 
into shallow water and calving bays became much 
smaller or absent.  
As the ice margin retreated further north, the 
western part of the study area became entirely terrestri-
al based whilst to the east the topography began to 
exert greater influence in a generally shallowing aquat-
ic environment. Eskers formed in three adjacent val-
leys and the formation of De Geer moraines stopped 
completely suggesting a more irregular nature of gen-
eral retreat and calving of a less uniform ice front.   
4.1.2 Push Moraines 
The moraines present in the north of the study area 
(Fig. 5) lie below the HCL in two wide, flat valleys. 
These areas lay beneath 10 m to 100 m of water at the 
time of deglaciation. Formation of the moraine ridges 
can be attributed to the presence of ice tongues/lobes 
within the valleys. Seasonal slight re-advance of these 
ice lobes during winter pushed sediment in front into 
ridges. The ice then retreated further in the following 
melt season and the moraine ridges remained behind 
further down the valley. The convex profile of the 
ridges in the north east sets (Fig. 5B) allows them to 
be distinguished from De Geer moraines that show a 
concave profile, reflecting the presence of a calving 
bay in the margin. The push moraines formed as the 
margin was becoming increasingly thinner and domi-
nantly terrestrially based with aquatic terminating are-
as concentrated in valleys.  
4.1.3 Tunnel Fill Eskers 
The largest eskers present in the study area are located 
in prominent valleys following major structural linea-
tions. These eskers run to many kilometres in length 
and are oriented NW-SE, oblique to the N-S ice flow 
direction as shown from orientation of streamlined 
features (Fig. 5), indicating that flow at the margin was 
topographically controlled. Deposition in the valley 
systems can be attributed to increasing topographical 
control on ice flow direction and sub-glacial drainage 
with thinning of the ice sheet.  As such the major val-
leys became principal conduits for drainage of melt 
water and entrained material from beneath the ice 
sheet. Sub-glacial tunnels formed within the valleys 
and channelled water to the ice front. Deposition oc-
curred within these tunnels and built eskers that were 
then exposed as the ice retreated. These eskers are 
identified in areas above and below the HCL. It is 
probable that NW-SE trending eskers were also depos-
ited below the HCL in the base of the Rottnen and 
Rojdan river valleys and between De Geer moraines 
but were subsequently buried by fine silt and sands in 
deep water areas. The mode of deposition in tunnels in 
both aquatic and terrestrial settings is well established 
(Warren & Ashley 1994;  Benn & Evans 2004).  
4.1.4 Deltas 
The two prominent deltas found within the study  area 
(Fig. 9) occur along the HCL at the position where the 
margin was withdrawing from the aquatic environment 
and becoming terrestrially based (Fig. 17C). The for-
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mation of deltas represents a period of slowed or 
stalled retreat of the ice margin as the delta formation 
takes time, also noted by Lundqvist (2003) in the 
neighbouring Klarälven Valley. The deltas in the study 
area both occur within the central highland area that is 
dominantly above the HCL.  This positioning suggests 
that the rate of retreat of the terrestrially based margin 
slowed and became less regular compared to the step-
wise retreat observed in the deep water areas marked 
by the regular formation of De Geer moraines.  
4.1.5 Outwash plain and pitted outwash 
The outwash plain at the end of the Rottnen river val-
ley (Fig. 12) and the pitted outwash along the valley 
floor are evidence of a very high transport of sediment 
during deglaciation. This valley is unique in that a 
prominent esker is not identified unlike in all the 
neighbouring NW-SE trending valleys in the study 
area.  If there exists an esker, it has likely been buried 
beneath the outwash sediments. This valley lies in the 
centre of the high-ground ridge that runs through the 
study area. It is bounded to the east and west by ridges 
up to 450 m in height and a wide bedrock plain lies to 
the west. The valley is incised ~200 m below the ridge 
and plain and acts as the prominent topographic low 
point and thus as a natural focus for drainage in the 
area. Topography acted to channel meltwater and en-
trained material into the valley where it was deposited 
rapidly and built up far above the contemporary water 
level. Much of the material flowed down the valley 
and was deposited above the HCL before it reached 
the base level to the south. Once the transport of sedi-
ment began to reduce, the river began to incise into its 
formerly deposited sediments, producing a series of 
erosional terraces and migrating channels that are evi-
dent in the hillshade models, and in the field (Fig. 
15C). Land uplift due to isostatic rebound also resulted 
in incision as the river eroded down towards the base 
level. 
4.1.6 Streamlined Terrain 
The calving bays along the ice margin caused ice-
thinning in the area lying to the north and nunataks 
likely began to appear. Ice over intervening high 
ground at the margin thinned and melted away with 
active ice becoming confined to valleys and lower 
ground. The thinning of ice over the most elevated 
areas during the retreat possibly acted to preserve 
streamlined landforms. At mid and low elevations 
there are no observable occurrences of streamlined 
features; either they were never formed in these areas 
or they are covered by later deposited sediments. 
The ice flow direction close to the ice margin, 
ice surface profile and basal conditions altered with 
retreat across the study area. Streamlined terrain sug-
gests a shift from a dominantly NNE-SSW ice-sheet 
flow direction in the south of the study area towards an 
N-S flow direction further north. The change in direc-
tion of streamlined features from NNE-SSW to N-S
represents the start of a pivot of the ice front towards
the higher elevations of central Sweden and the Scan-
des Mountains in Norway. Lundqvist (1992) noted the
influence of two ice domes on ice flow and pattern of
retreat. An ice dome over western Scandinavia was
found to exert greater influence on western Värmland 
than a dome over the Gulf of Bothnia. The retreat 
around Torsby is moving towards the western Scandi-
navian dome and flow from the NE is of limited influ-
ence on the ice sheet in this area at this stage. This fits 
the larger scale model of Stroeven et al. (2015). Un-
derlying bedrock topography also began to exert a 
greater influence with the thinning and break-up of the 
ice sheet. The regional major faults of the mylonite 
formation all trend NW-SE and present within the 
landscape as major valleys, often deepening to 200 
m+.  
The flow direction  indicated by the streamlined 
features is thus different to the NW-SE flow closer to 
the retreating margin, as indicated by the orientation of 
eskers and De Geer moraines identified in the study 
area. This is probably due to that the streamlined fea-
tures formed further from the margin in areas of thick-
er ice where topographic control on ice movement was 
less. A similar adjustment in ice flow direction with 
proximity to the margin was observed by Dowling et 
al. (2016) on the Närke Plain in south-central Sweden.  
4.1.7 Transverse Eskers 
The sinuous, sand rich transverse eskers in the north of 
the study area are suggested to have formed within 
crevasses in frontally stagnated ice. The area in which 
they formed is noticeable for being a flat plain sur-
rounded on three sides by high relief and bisected by 
the HCL. This plain is now covered by hummocky 
terrain indicating that deposition from stagnating and 
dead ice melt out was a prominent process in this area. 
The process of esker deposition in ice walled channels 
transverse to ice flow is noted by Benn & Evans 
(2004) and Johansson (1994). The eskers also lie right 
on the margin of the 190 m HCL limit. These features 
likely formed during the final stages of deglaciation 
within the area. An ice lobe extended onto the plain 
(Fig 17F) and was fed by two outlets from the ice 
sheet, one within the Rottnen valley to the NW and 
another through a smaller valley directly north of the 
latter (Fig 17F). This lobe probably became stagnant 
and detached, in a later stage, from active ice. To cov-
er the plain the ice lobe would have had an area of at 
least 20 km2.  
The ice that lay below the HCL decayed quick-
ly, evidenced by fewer hummocks and poorer preser-
vation of relict streamlined features to the east. The 
western section of the lobe decayed slowly with a 
steady low flow of meltwater and finer grained materi-
al draining through crevasses. Material aggraded with-
in these ice walled channels as evidenced by section 
S03 (Fig 10). The ice remained for a prolonged period 
allowing the deposits to stabilise with a steep, sharp 
crested profile. Final melt-out of surrounding ice de-
posited the upper most gravels that cover the deposits 
and also the hummocks that lie adjacent to and over 
parts of the northern most transverse esker. The dis-
tinct sinuous profile of the eskers shows the control 
over deposition of the glacier structure. The path of the 
esker reflects the shape of the crevasse in which it was 
deposited. This was also noted by Evans & Twigg 
(2002).  
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4.1.8 Hummocky Terrain 
Hummocky terrain is most common in the north of the 
study area in lowland areas. Smaller areas are found 
across the highland to the north-west. In these high 
areas ice-melting was the source of englacial material 
being deposited into dead ice depressions or depres-
sions over already deglaciated ground. Gradual melt-
ing of ice also produced lakes in which fine grained 
sands and silt were deposited. The largest areas of 
hummocky terrain are found across the low ground in 
the north and north-east of the study area in zones 
around the HCL. Stagnant ice blocks likely remained 
in these areas once the main ice sheet had retreated. As 
they melted the hummocky terrain visible today 
formed in the manner put forward by Möller & 
Dowling (2015) with final melting of ice blocks pro-
ducing the kettle holes and small ponds and lakes pre-
sent across the area. Deposition of supraglacial materi-
al from ice in the north east (Fig 14) into shallow wa-
ter could have created a debris covered area below the 
HCL.  
4.1.9 Dunes 
The two dune sets (Fig. 15B and C) are evidence of 
Fig. 15. Dune sets identified in study area on outwash plains. Dunes in (B) and (C) have concave planform profiles indicating 
dominant wind direction from the NW. Dunes in (C) may reflect morphology of underlying glaciofluvial or geological features. 
Hillshade generated from LiDAR scan data provided by Lantmäteriet, Sweden © Lantmäteriet, i2012/927. 
Fig. 16. Cross 
bedded sands in 
dunes in Fig 15B.
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post-glacial aeolian processes. Formation likely started 
immediately following deglaciation. Fine sands and 
sediments not yet extensively vegetated in areas above 
the HCL were wind eroded, transported, and eventual-
ly deposited as dunes, predominantly transverse to 
prevailing wind direction. It is also possible that the 
dunes further developed during more recent periods of 
wind deflation as e.g. noted in the dune fields at 
Brattforsheden to the south east of the study area 
(Alexanderson & Fabel 2015). 
4.2 Pattern of Retreat 
The features identified in the study area present a pat-
tern of transition from aquatic to terrestrial conditions 
as the margin retreated to the NW. This also highlights 
how the process of deglaciation and ice-loss alters 
with this change. Studies of the British Ice Sheet 
(Clark et al. 2012), the Barents Sea Ice Sheet 
(Winsborrow et al. 2010) and the Greenland Ice Sheet 
(Warren & Hulton 1990) have all suggested a clear 
reduction in retreat rates and increasing topographic 
control on ice sheet movement with transition from an 
aquatic to terrestrial margin. This change is attributed 
to the ice sheets adjusting to the loss of calving bays as 
an outlet and site of ice loss. The influence of underly-
ing topography is clearly evident in the study area with 
the differing orientation between streamlined terrain, 
which formed more distal from the margin, and mar-
ginal glacial features that formed beneath thinner ice 
towards the ice margin or at the margin proper. An 
overview of the ice sheet retreat across the study area 
is presented below and summarised map-wise in six 
time steps (Fig. 17, A-F). This model is based on geo-
logical features identified within this study and rea-
soned interpolation between them. The margin below 
the HCL was defined by following the orientation of 
De Geer moraines. Deltas and areas of outwash accu-
mulation determined points where the ice sheet slowed 
its retreat whilst eskers and drainage channels helped 
define position of ice within valleys. Kettle holes guid-
ed placement of dead ice areas alongside hummocky 
terrain. Inferred earlier exposure of the greatest eleva-
tions is drawn from drainage channels and sediment 
accumulations at the foot of exposed, weathered rocky 
ridges and outcrops and likely drawdown of ice over 
elevated areas as the ice sheet thinned close to the mar-
gin.  
Initially the entire study area was covered by 
the SIS with all but the central part of the ice-sheet 
over the high-ground ridge terminating in the Yoldia 
Sea/Vänern Basin (Fig. 17A) (Björck 1995). Calving 
bays were present along a steep ice front to the west 
and east with the ice sheet grounded in the aquatic 
zone. Icebergs calved away from the ice face and 
buoyancy contrasts induced large blocks to break off 
from below the waterline (Lindén & Möller 2005). 
The retreat in this manner is marked by the deposition 
of multiple De Geer moraines across the extent of the 
aquatic margin area (Fig. 4). The rapid outflow 
through calving bays caused a thinning of ice within 
the ice sheet, particularly over high-ground areas prox-
imal to the margin. The terrestrially based ice along 
the central ridge thinned and nunataks began to appear 
(Fig. 17 A-B). As the ice receded over the high-ground 
above the HCL it became stagnant and decayed, leav-
ing ice behind within bedrock hollows and also along 
valleys. Small eskers formed within valleys where 
larger ice volumes persisted and possibly remained 
active for a period beyond the main ice sheet retreat. 
The ice margin was oriented WSW-ENE with an ice 
flow direction at the margin perpendicular to this. The 
flow of ice further behind the margin, where the ice 
remained thicker, was from the NNE. 
With continued ice margin retreat towards the 
NNW, calving bays continued to channel ice away 
from the ice-sheet margin but became less widespread 
as more of it retreated into shallow water or became 
entirely terrestrially based. Ice flow became more in-
fluenced and constrained within major valleys follow-
ing the NW-SE trending faults, and between peninsu-
las that were now protruding into the sea (Fig. 17B). 
The ice sheet began a transition to terrestrial 
frontal conditions in the west and the aquatic extent of 
the margin narrowed in the east (Fig 17C). Fewer calv-
ing bays were active and those that remained were 
situated between islands and peninsulas. With the tran-
sition to dominantly terrestrial conditions the pace of 
retreat slowed and pattern of deglaciation began to 
alter. Thinning of ice over high ground areas continued 
and large volumes of melt-water were channelled to 
the ice front along the major NW-SE trending valleys. 
The ice sheet retreat slowed markedly at the area of 
aquatic-terrestrial transition and deltas were able to 
build as sediment carried within meltwater was depos-
ited in deeper water at the ice-margin.  
Topographical influence on ice flow increased 
and areas of active ice at the terrestrial margin became 
confined to valleys (Fig. 17D). Calving bays continued 
to shut down and deposition of De Geer moraines be-
came more sporadic and of a smaller size. Dead ice 
blocks persisted in lower elevation areas. The ice sheet 
continued to thin over high elevations with the Rottnen 
Valley now acting as the main drainage conduit for the 
terrestrial part of the ice sheet in the study area. A 
large delta became established at the end of the valley 
and was also fed by a smaller, ice tongue to the west.  
As the ice-sheet retreated to northwest-wards it 
became entirely terrestrially based in the west and sat 
in a wide, dominantly shallow (<40 m) aquatic zone to 
the east (Fig. 17E). The pattern of regular calving and 
retreat stopped. Ice thinned rapidly over higher eleva-
tions. A thick outwash sequence began to build in the 
Rottnen Valley. Topographical control on ice flow 
increased further and drainage was focussed along 
valleys following the NW-SE regional structures. Es-
kers were deposited within these valleys and dead ice 
was left, being the source for formation of kettle holes 
and hummocky terrain.  
The ice-sheet had thinned markedly by the time 
the margin retreated to the north of the study area (Fig. 
17F). Active ice was concentrated to flow within and 
directed by valleys in both the terrestrial and aquatic 
areas. Ice lobes formed across lowland areas at the 
heads and sides of valleys. The margin of these lobes 
was marked by the formation of small push moraines. 
These lobes eventually became stagnant and separated 
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Fig . 17. Proposed model of ice sheet retreat and decay across study area. The retreat in this area is estimated to have taken 
place over c.200 years. Hillshade generated from LiDAR scan data provided by Lantmäteriet, Sweden © Lantmäteriet, 
i2012/927.  
A B 
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from active ice and began to decay. The decay of these 
lobes resulted in the formation of large areas of hum-
mocky terrain. The transverse eskers identified in this 
study also formed at this time as the lobe on the east-
ern side of the Rottnen Valley melted.  
Finally active ice retreated from the entire study 
area. However, dead-ice blocks remained along valleys 
and continuing fluvial action and deposition of out-
wash material from further north acted to form terraces 
and built deposits around dead ice blocks that would 
eventually form kettle holes. A similar pattern was 
found by Lundqvist (2003) in the Klarälven Valley 
adjacent to the study area to the east. The initial retreat 
of the margin on-land caused a slowing of retreat but 
this was likely short lived as the ice that had thinned 
was predisposed to melting as noted by Clark et al. 
(2012) in their study of the British Ice Sheet. As the 
ice margin became increasingly distal to the study area 
the volume of meltwater and entrained sediment de-
creased and streams and rivers began to incise into the 
outwash plains and terraces. Land uplift due to isostat-
ic rebound and lowering of the base level also induced 
incision. Dunes then began to form due to aeolian ac-
tivity on outwash plains as re-working by fluvial ac-
tion ceased and water content decreased.  
4.3 Chronology of retreat 
An accurate chronology of retreat is not within the 
scope of this investigation and accurate dating of fea-
tures and materials from the study area is lacking. 
However, there are several relevant studies that allow 
a rudimentary outline of timing of the ice-recession 
across the study area. The pattern of rapid aquatic re-
treat followed by slowed terrestrial is well established 
in south and central Sweden (Boulton et al. 2001; 
Stroeven et al. 2015). Timing and stages of the Baltic 
Sea and  its extension into the Lake Vänern basin were 
set out by Björck (1995) who placed the aquatic period 
studied here within the late Yoldia Sea stage, c. 10.5 
cal ka BP. The pace and dynamics of retreat in 
Värmland have been studied in most detail by 
Lundqvist (1988, 1992, 2003). The study of the 
deglaciation pattern along the Klarälven Valley by 
Lundqvist (2003) is of particular relevance as this 
valley lies only ~20 km to the east of the study area 
and also follows the same major NW-SE fault set. 
Projection of the ice front between the two 
areas, correlation with depositional features identified 
in this study and the time-scale established for retreat 
in the Klarälven Valley allows for a basic comparative 
chronology to be developed. The south of the study 
area lies along the assumed margin from Lake 
Grässjön in the Klarälven Valley. Both areas show a 
transition from a wide ice front situated on plains 
below the HCL to active ice becoming concentrated in 
valleys with thinning over high ground.  Time of 
retreat at Lake Grässjön is set at 10.75 cal ka BP. The 
northern extension of the study area lies along the 
assumed margin from the confluence of the Hälgån 
River and the Klarälven. The margin is placed at this 
site at 10.5 cal ka BP and is represented by a marginal 
delta. This rough correlation suggests the ice margin 
retreated across the study area over ~186 years with an 
annual retreat of the main margin of ~215 m per year 
across the central 40 km of the study area. This fits 
with the retreat rate suggested by Stroeven et al. 
(2015), determined across southern and central 
Sweden following the Younger Dryas. As previously 
stated the retreat rate would have varied depending on 
prevailing aquatic or terrestrial conditions at the 
margin. Also the behaviour of a glacier in one valley 
can often differ markedly from one in a neighbouring 
valley.  
5. Conclusions
Analysis of LiDAR data and field investigations have 
revealed a distinct pattern of retreat of the Scandinavi-
an Ice Sheet across the study area. A clear transitional 
zone exists with the ice sheet withdrawing from the 
Yoldia Sea/Vänern Basin into a terrestrial setting. This 
zone is recognised through the presence of characteris-
tic sub-aquatic, sub-glacial and pro-glacial features.  
The ice sheet margin was initially aquatic ter-
minating across the whole area except for a central 
ridge of elevated land. Calving bays drove rapid retreat 
and caused thinning of the ice sheet over the elevated 
areas, resulting in concentration of active ice within 
valleys and lowland. With retreat northwards the west-
ern side of the margin withdrew on land and the aquat-
ic terminating area of the eastern margin narrowed and 
withdrew into shallower water. The retreat slowed for 
a period when the margin reached the highest coast-
line and deltas formed. Thinning of ice over high-
ground continued and active ice became further con-
centrated in valleys. Outwash plains established be-
yond the ice margin in the Rottnen valley and dead ice 
became isolated and buried. Topographic control on 
ice flow became more pronounced with retreat north-
west-wards and active ice took the form of outlet 
tongues spurring off the main ice sheet. An ice lobe 
became isolated on the east of the Rottnen Valley and 
decayed, resulting in the formation of transverse es-
kers within crevasses and hummocky terrain in the 
surrounding area. 
Rough dating of the retreat via correlation with 
previous studies places it at between 10.75 cal ka BP 
and 10.55 cal ka BP with an average retreat rate of 
~215 m per year.  
This study shows that combined analysis of 
detailed remote sensing data and targeted field investi-
gations can quickly establish a pattern of ice-margin 
retreat at decadal to centennial scale. With the current 
requirement to better understand ice-sheet retreat on 
human time-scales becoming ever more pressing, this 
combination of data allows more detail to be rapidly 
introduced to models of ice-sheet behaviour. The dy-
namics of extant ice-sheets may still not be fully un-
derstood but they share many of the same conditions 
as experienced by now extinct sheets. Though we were 
not able to witness the decay of the SIS and its con-
temporaries they left their mark and with more de-
tailed observations of formerly glaciated areas the 
shorter term behaviour of these ice sheets is becoming 
clearer and applicable to the present day.  
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5.1 Further Work 
There are two principle areas where further work could 
be focussed.  
Within the study area itself there remain a num-
ber of features worthy of more detailed investigation 
such as further sedimentological investigation of the 
marginal deltas, closely spaced De-Geer moraines and 
transverse eskers, to name a few. Of particular use 
would be cosmogenic dating of elevated bedrock areas 
to better constrain the date of exposure during deglaci-
ation. The aim of this investigation was to see if Li-
DAR and field analysis could reveal a more detailed 
pattern of deglaciation over a shorter time-scale. This 
has been achieved but further detail may still be added 
through study of the features on the ground.  
The clear transitional zone revealed should be 
able to be traced along the ice margin around the HCL. 
It would be of great interest to observe if the same 
pattern of changing landforms is common along the 
margin or if the transition is marked in differing ways. 
Also evidence of extremely rapid retreat and possible 
localised re-advances would add a further dimension 
to knowledge of the dynamics of the margins retreat.  
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